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In recent years bone necrosis has become of increasing significance and has stimulated much interest amongst clinicians, radiologists and pathologists. It is now an important cause of disability because it commonly complicates intracapsular femoral neck fracture which is frequent in aging populations (Barnes et al, 1976;  Graham and Wood, 1976) . It is a hazard not only to tunnellers working in compressed air (MRC Decompression Sickness Panel Report, 1971) but also to divers whose numbers and activities are ever expanding with the exploitation of North Sea oil (Lancet, 1974; Davidson, 1976) . It gives rise to articular symptoms in some patients receiving therapeutic steroids (Fisher and Bickel, 1971; Park, 1976) and particularly in those on the high dosages and prolonged administration associated with immunosuppression following organ transplant. In addition to necrosis associated with these and other well accepted causes, so-called idiopathic or spontaneous necrosis may occur, especially in the femoral head (table I) . The predisposing causes of such 'idiopathic' necrosis are currently the subject of intensive investigation (Zinn, 1971a and b) (table II) .
Unfortunately the clinical diagnosis ofbone necrosis is not easy. There are usually no signs to indicate an ischaemic episode until many months have elapsed and necrotic bone shows no radiological change unless the part is immobilized, then the dead bone may appear denser than the adjacent viable, porotic bone. A true increase in radiological density may result from laying down of new bone during repair, from compaction of trabeculae or from calcification within living or dead tissue (Johnson, 1964) . Diagnosis may thus be difficult and caution is required in inferring underlying tissue changes even from well recognized radiological patterns.
The widespread use of prosthetic replacement of bone and joints has provided the pathologist with the opportunity of studying more rewarding material than the small biopsy or the end-stage necropsy specimen, and there is now fairly general agreement on the pattern of morphological changes following necrosis (Catto, 1976) : the sequence of events which brought these changes about is, however, open to more than one interpretation. In many conditions the pathogenesis of necrosis is controversial and is not always accepted as being primarily vascular (table I) . Many questions remain unanswered, including one of major clinical importance; why is revascularization so often arrested and incomplete?
The purpose of this paper is to indicate how bone necrosis may be recognized, to describe in a general way the main morphological features, and to point out areas of difficulty and controversy. Many topics, and particularly the osteochondritides of childhood, are omitted since it is rare for the pathologist to obtain material from them.
Recognition of dead bone
Experimental evidence suggests that ischaemia of more than a few hours (Woodhouse, 1962; Henard and Calandruccio, 1970) , perhaps up to 48 hours (Kenzora et al, 1969) , results in death of bone. It is generally accepted that if bone is fresh, rapidly fixed and the sections of good quality, bone death is recognized histologically by loss of osteocytes from lacunae. However, artefactual loss by physical displacement of osteocytes from lacunae during sectioning or their failure to stain because of slow fixation or overdecalcification must be taken into account. Conversely, dead sequestra or stored allografts occasionally retain pyknotic nuclei. Unfortunately, loss of osteocytes in conventionally prepared histological sections may not become apparent for a few days nor be complete for a few weeks after the onset of ischaemia (fig 2) (Bonfiglio, 1964; Catto, 1965a) . While special techniques such as the Feulgen reaction have been used in experimental animals to demonstrate early changes in osteocyte nuclei following ischaemia, their assessment requires control material for comparison (Rosingh and James, 1969 (fig 3) , a process traditionally described as 'creeping substitution'. Often nowadays, perhaps because of early mobilization of the patient, the amount of resorption is relatively small and the dead trabeculae become encased in living bone, so that 'creeping apposition' is a better description (Bohr and Larsen, 1965; Kenzora et al, 1969) . The dead central cores may persist for months or even years and remain as a histological marker of previous bone necrosis (Catto, 1965b) (fig 4) .
Osteocyte loss in aging and in occlusive vascular disease
Focal osteocyte loss is a well recognized feature of aging bone. The parts of the bone furthest away from blood vessels, such as the interstitial lamellae between the cortical osteones (Haversian systems), tend to be affected first and even in childhood occasional empty lacunae may be seen here (Jaffe and Pomeranz, 1934; Frost, 1960a) . With advancing age, and presumably a deteriorating blood supply, the number of empty lacunae increases. The outer rings of cortical osteones and the subchondral bone plate are chiefly involved, but less marked focal loss may be seen in medullary trabeculae (Frost, 1960a) . Sometimes the usual slit-like lacunae are enlarged and filled with mineral (Jowsey, 1960; Frost, 1960b) . Usually the patchy distribution of osteocyte loss and the normal-appearing marrow help to distinguish microscopically this slow 'physiological' loss (fig 5) from more acute and severe ischaemic episodes with marrow damage and complete loss of osteocytes ( fig  2) . However, some caution is needed in interpreting empty lacunae in small central bony cores in the aged, the group especially likely to suffer intracapsular fractures of the femoral neck. Similar but more severe osteocyte loss may be seen in the tibia oflegs amputated for peripheral gangrene, much of the cortex being necrotic (Jaffe and Pomeranz, 1934; Sherman and Selakovich, 1957) . These extensive pathological changes are usually symptomless and radiologically unsuspected. Localized medullary infarcts are occasionally reported in association with peripheral gangrene. However, the importance of occlusive vascular disease in the production of medullary infarcts in elderly patients without peripheral gangrene is not known; certainly similar infarcts are occasionally found incidentally in younger patients Bullough et al, 1965) .
Patterns of bone necrosis
Bone necrosis is conveniently divided for practical purposes into two groups, symptomless medullary lesions and juxtaarticular lesions, which are potentially disabling since collapse of the joint surface may occur and is followed by secondary degenerative changes in the joint.
MEDULLARY LESIONS
Medullary lesions are found, especially in association with dysbarism and the haemoglobinopathies (Middlemiss, 1976) , and occasionally in steroidtreated patients or 'spontaneously'. The shaft of the lower femur, the tibia and the humerus are most often affected, sometimes bilaterally. The extent of necrosis varies from small foci to large areas involving much of the width of the medullary cavity and sometimes also areas in the deeper cortex. It is important to realize that extensive bone necrosis may be present without any detectable radiological abnormality even in radiographs of thin slices of the bone. These unrecognized infarcts, which have been seen especially in steroid-treated patients (Bullough et al, 1965; Catto, 1976) (Phemister, 1940; Bullough et al, 1965 full complement of osteocytes. In most conditions the widely accepted interpretation of these morphological findings is that bone necrosis has been followed by revascularization and repair which has stopped short of completion, the dense collagen representing the furthest extent of the process. At this stage, there are no clinical symptoms and either no radiological abnormality is apparent or if, after some months, the trabeculae become sufficiently broadened, linear or more diffuse radiological sclerosis may outline the necrotic subchondral tissue.
After necrosis has been present for months, or sometimes for years, trabecular fracture may occur within the dead bone resulting in partial separation Fig 7 The patient was a 50-year-old male who died a few weeks after a renal transplant. He sufferedfrom the nephrotic syndrome for 10 years and was at first treated with steroids. A year before his death he developed uraemia and hypertension necessitating dialysis. A skeletal survey at this time revealed thickening and irregularity of the cortex of both femoral shafts along with patchy medullary calcification (a). There was also increased density in both femoral heads without structuralfailure. On section (b) irregular areas of opaque yellowish marrow were surrounded by white fibrous tissue. This fibrous tissue was partially calcified as can be seen in the slab radiograph (c). There were also small foci of calcification within the dead tissue. The dead zone involved the deep part of cortex as well as the medulla (d). The deadfatty marrow on the left has, in places, retained its cellular outlines. At the margin collagen is seen and the dead trabecula on the right shows some appositional live bone on its surface ( x 50). Frequently fracture occurs just beneath the subchondral plate, giving rise to a narrow crescentic line of radiolucency running parallel to the joint surface (Norman and Bullough, 1963) (fig 9) . The contour of the bone end may at first appear unchanged but pressure on the articular surface shows that it is easily indented and unduly resilient. Cracks and fissures are seen at the margin of the sequestrum (fig 10) , synovial fluid may pene- Fig lId been put forward; eg, that they result from 'fatigue' fracture of the dead bone trabeculae (Brown and Abrami, 1964) or are secondary to osteoclastic resorption of dead bone at its junction with living tissue, either at the deep surface (Sherman and Phemister, 1947) or at the margin of the subchondral plate. Whatever the cause and whatever the site of the fracture through dead bone, it is followed by sinking down of the load-bearing part of the joint surface (fig 11) . The uncollapsed margin of the bone end may produce a ring-like ridge around the sunken dome. In the femoral head the breaks in the smooth articular contour may be recognized radiologically; they tend to occur beneath the acetabular lip and at the superior margin of the fovea. The flattening and collapse of the joint surface leads to incongruity and secondary degenerative changes in the cartilage covering living bone while, at the joint margin, osteophytes form. Joint pain is usually insidious in lschaemia of bone onset, but occasionally and especially when the humerus is involved, may be sudden and presumably associated with sudden collapse of the surface of the head.
Joint collapse and osteoarthritis
The articular cartilage covering dead bone and even that of a partially detached articular sequestrum (figs 9, 10, 11) usually is not thinned or fibrillated.
Apart from some loss of lustre it may look relatively normal and if, in longstanding cases, there is loss of chondrocytes this is almost always confined to the deeper layers furthest from the nutrient synovial fluid. This relatively good preservation is in contrast to the severe degenerative changes which often occur in the cartilage covering living or revascularized bone in patients with collapse of the joint surface (Catto, 1965b) . Then the cartilage becomes thin and fibril-87 lated, its vascularization is associated with remodelling of thejoint surface and the formation ofmarginal osteophytes (fig 11) . These degenerative changes may be distinguished, at least at first, from those of primary osteoarthritis by the good preservation of the joint space, due to the normal thickness of the cartilage covering dead bone, and the relative sparing of the other articular surface forming the joint. Occasionally, the articular cartilage and the underlying dead bone may later become fragnented and ground away so that little or no evidence remains that bone necrosis was the underlying cause of the osteoarthritis (fig 12) . Similarly, difficulties arise in attempting to confirm or refute the radiological impression that necrosis may be the cause of unusually rapid disintegration of an already osteoarthritic femoral head in some patients taking indomethacin, phenylbutazone and similar analgesics (Park, 1976) . By the time the femoral head is removed it is often reduced to a stump and histological examination at this end stage may be unhelpful. Certainly it is unwise to assume that collapse of a joint surface is always due to underlying bone necrosis (fig 13) .
Variations in patterns of necrosis
Regardless of the cause, the general pattern of juxtaarticular necrosis and collapse of the joint surface with secondary degenerative changes is similar, apart from minor variations. In post-traumatic necrosis of the femoral head the necrotic bone tends Fig 13c to form a single compact subarticular mass. In some cases of dysbaric osteonecrosis, however, there may be an impression that areas of necrosis result from the confluence of smaller foci (deSeze et al, 1963) , while dead bone may remain in the medial part of the femoral head rather than in the load-bearing area (Catto, 1976) . These more complex appearances suggest that in contrast to post-traumatic necrosis, major vascular territories are not always involved.
The morbid anatomical changes in 'idiopathic' necrosis of the femoral head conform in general to the pattern already described (Patterson et al, 1964 ; (Cruess et al, 1968; Fisher et al, 1969; Cruess, 1976) . However, some specimens from steroid-treated patients or those with 'idiopathic' necrosis show changes suggesting that the necrosis is extending rather than that it has undergone even incomplete revascularization and healing. In these cases, which include collapsed, juxtaarticular lesions (fig 14) , the necrotic zone is surrounded by a wide reactive margin with congested vessels, loose fibrous tissue, macrophages and sometimes fibrinous exudate (fig 15) while beyond this foci of damage are seen in the fatty marrow (Johnson, 1964 
Some unsolved problems
The cause of bone necrosis, especially in the 'idiopathic' and steroid-treated groups, is controversial. Some authors regard localized subchondral osteoporosis, followed by trabecular fracture as the initial lesion, any necrosis being secondary to this structural failure (Solomon, 1973) . While this sequence of events may explain some lesions, in others necrosis appears to precede localized trabecular porosis or fracture (fig 15) (Catto, 1976) . Another suggestion is that systemic fat emboli, perhaps derived from a fatty liver, cause the bone infarction (Fisher et al, 1969;  9o group.bmj.com on June 22, 2017 -Published by http://jcp.bmj.com/ Downloaded from Jones, 1971) . Unfortunately the precise location of fatty globules demonstrated in frozen sections of bone is not always easy. The pathogenesis remains uncertain and needs further investigation.
The biggest unsolved puzzle, and certainly the most important clinically, is why revascularization is so often incomplete, even in the non-traumatic cases where healing of a fracture does not delay the spread of revascularization. In some cases of juxtaarticular necrosis with collapse, fracture through dead trabeculae may occur at the junction between dead and living bone. This secondary fracture may then effectively prevent further extension of revascularization. In many specimens, however, the fracture through dead trabeculae occurs at some distance from the furthest extent of revascularization (fig 11) while incomplete and apparently halted revascularization is seen also in medullary lesions (fig 7) and juxtaarticular ones without trabecular fracture ( fig  8) . The interruption of repair is not so difficult to understand in the steroid-treated patients who, whatever the precise cause of the necrosis, are continuously exposed to the hormone. Recently it has been suggested that the failure of revascularization of the femoral head in children with Perthes' disease might be due to more than one ischaemic episode (McKibbin, 1975; Inoue et al, 1976; Jensen and Lauritzen, 1976) . While there is rather similar suggestive evidence in some specimens from patients with dysbaric osteonecrosis (Catto, 1976 ) failure of revascularization is seen in the occasional patient with a single exposure to compressed air. Multiple ischaemic episodes seem unlikely therefore to be the whole explanation. It has been suggested that there may be a critical size beyond which a bone infarct fails to revascularize completely (Boyd, 1957 
